Pediat. Res. 8: 941-945 (1974) Glycine serine isoleucine tiglic acid
thawing inhibited the interconversion of glycine and serine.
(4) demonstrated that glycine oxidation t o COZ was inhibited
Inhibition was not seen when isoleucine was added after the when cultured fibroblasts from a patient with 0-ketothiolase cells were broken, which suggests that isoleucine must be deficiency were incubated with isoleucine. The studies metabolized to form an inhibitor substance. Tiglic acid was presented in the present report suggest a possible mechanism shown to accumulate during this preincubation period and was this inhibition. demonstrated to inhibit interconversion. Methylene tetrahydrofolate production was also reduced by preincubation MATERIALS AND METHODS with isoleucine or incubation with tiglic acid but this decreased production could not be proven t o be related t o Skin biopsy explants and their subcultures from a patient inhibition of serine-glycine interconversion. with 0-ketothiolase deficiency and two age-matched control subjects were grown in nutrient mixture F-12 (16) which contained 12 mM glutamine, 10% fetal calf serum, 3 0 mM Speculation Tricine, pH 7.6, penicillin, 100,000 i.u./liter, and streptomycin, 100 mg/liter. Fibrobasts were grown t o confluency in The the three enzyme defiBellco roller bottles (1,410 cm2), harvested with 0.25% ciencies associated with the "ketotic hyperglycinemia" syn-trypsi,,, washed twice with isotonic saline, and then drome are Protean. The data presented in this paper suggest fuged at 500 X before resuspension in the final reaction that some of the problems may be related t o secondary mixture. inhibition of tetrahydrofolate metabolism. Folate therapy may Interconversion of glycine and serine was measured using be of some value in the clinical management of patients with radioactive substrates by modification of the procedure of this syndrome.
Schirch (14) for the measurement of serine transhydroxymethylase (EC. 2.1.2.1, L-serine:tetrahydrofolate 5,lO-hy-
The "ketotic hyperglycinemia" syndrome is a serious droxymethyltransferase). Harvested fibroblasts w a e SuSdisorder which presents in early infancy with profound pended in Krebs phosphate buffer (pH 7.4) containing ketoacidosis, hyperammonemia, neutropenia, thrombocyto-'~~r i d o x a l 5'-phosphate 12.35 mg/lit$r, and NADP+, 500
penis, hyperglycinemia, and hyperglycinuria, Since its original mglliter, and incubated for 1 h r at 37 . Five milliliters of cell description by Childs et al. (2) , this condition has been the suspension were mixed with 1 ml 4 mM tetrahydrofolic acid in subject of much interesting clinical and biochemical investiga-0.2 M merca~toethanol, freeze-thawed three times, and then tion. At least three different enzymatic deficiencies in the pipetted into small test tubes containing either glycine or metabolic pathway from isoleucine to s u c c i n y l~c o~ have been Serine. When the effects of isoleucine On glycine-serine described in patients with this syndrome. ~h~ sister of childs' interconversion were studied, either isoleucine was added at original patient was found t o have propionyl-CoA carboxylase the Same time as the serione or glycine or the fibroblasts were deficiency (6) . o t h e r patients have been described with incubated for 1 hr at 37 with isoleucine before the addition methylmalonyl-CoA mutase deficiency (13) and P-ketothiolase of tetrahydrofolate and freeze-thawing. ~i n a l suspensions deficiency (3). In addition one or more of the last three contained 0.7-1.1 mg/ml protein. The pH of the final products preceding propionate in the isoleucine degradative was 6.6. pathway have been identified in the urine of patients with all
The effects of NAD+ and NADP+ on glycine-serine three of these defects. Tiglic acid excretion was found t o be int~rC0nver~ion Were compared. At equimolar concentrations, increased with propionyl-CoA carboxylase deficiency (13) and n o differences in activity were noted and NADP+ was used in 0-ketothiolase deficiency (3). Butanone and/or or-methyl-all subsequent determinations. acetoacetate were identified with these enzymatic deficiencies Reaction mixtures consisted of 0.5 ml freeze-thawed (3, 11) and with methylmalonyl-CoA mutase deficiency (13) . suspension and 0.1 ml either glycine or serine solution. The a-Methyl$-hydroxybutyrate excretion was increased with final concentration of the amino acid t o be studied was 1 mM /3-ketothiolase deficiency (3) . and contained 2.5 pCi 14c/incuobation tube. These mixtures Although these specific enzymatic deficiencies have been were incubated for 3 hr a t 37 in a water bath. Controls identified, most of the clinically important biochemical included incubation mixtures without freeze-thawed cells 94 1 incubated for 3 hr, mixtures with freeze-thawed cells which were processed immediately after the addition of substrates, and freeze-thawed cells incubated without added amino acids.
After completion of the incubation period 3 0 p1 each incubation mixture were spotted on 104 cm long Whatman no. 3MM paper and electrophoresed for 2 hr at 3,000 V in a Savant high voltage electrophoresis apparatus (1.7% formic acid, pH 1.9) . This procedure provides a 17 cm separation between glycine and serine. Strips 1.5 cm in width were cut from the dried chromatograms and counted in a liquid scintillation counter after the addition of a standard scintillation mixture.
Methylene tetrahydrofolate production was measured as methenyltetrahydrofolate using the procedure of Scrimgeour and Huennekens (15) . After the incubation period, 0.05 ml 2 N HCl was added t o 0.5 ml incubation mixture. The samples were spun at 12,000 X g in a Sorvall RC2B centrifuge for 10 min and absorbance at 355 nm was measured in the supernatant fluid. Values were compared with similar samples t o which 2 N HC1 had been added at zero time and results were expressed as the change in absorbance during the 3-hr incubation period.
The effects of increased levels of tetrahydrofolate were studied by increasing the concentration 2.5-fold (the maximal solubility at pH 6.6) and by incubating the reaction mixture with preformed methylene tetrahydrofolate. The methylene tetrahydrofolate was prepared by incubating formaldehyde and tetrahydrofolate according to the procedu~e of Huennekens et al. (7) .
The effects of dialysis on the reaction mixture were studied by dialyzing the fibroblast fysates against Krebs-phosphate buffer containing pyridoxal 5 -phosphate (12.35 mg/liter) and NADP+ (500 mg/liter) in an Amicon cell using a PM30 filter. A 1,000/1 dialysis was accomplished. The reactions were then studied as described previously.
The accumulation of tiglic acid by the cells was studied using computer-coupled, multiple ion detection mass spectrometry (5). The cell lysate was extracted and trimethylsilyl derivatives prepared using a modification of the method of Mamer et al. (10) . The silyl derivatives of ether-extractable acids were chromatographed on a SE30 column (40-100' a t 2'/min) in an LKB 9000 mass chromatograph. The mass ion (M+) and the mass minus 15 (M+-15) were continuously monitored. Quantitation was accomplished by comparison with standard amounts of tiglic acid run similarly. The extraction procedure may hydrolyze tiglyl-CoA t o tiglic acid. One bottle of cells was used in each experiment. One-half of the cells were incubated with and one-half without isoleucine (10 mM) for 1 hr before lysing the cells and extraction.
When tiglic acid was evaluated for inhibitor activity, this compound was added at the same time as the amino acid substrates. The final concentration of tiglic acid in the reaction mixture was 1 mM. Protein was measured by a modified Lowry procedure (7) . Radioactive substrates, (1-l4 C)glycine, (2-' C)glycine, and (u-' C)L-serine, were obtained from New England Nuclear Corporation. Glycine, L-serine, L-isoleucine, tiglic acid, pyridoxal 5'-phosphate, NADP', NAD+, and tetrahydrofolate were obtained from Sigma. Other chemicals were obtained from Fisher.
RESULTS
The time course of glycine production from serine, serine production from glycine, and methylene tetrahydrofolate production during both reactions were studied over a 4-hr time period. Using the techniques described, n o activity was consistently detectable when measured as serine or glycine production until the solutions had incubated for 0.5-1 hr. Thereafter, measurable production of serine or glycine increased linearly until the 3-hr time point. After 3 h r incubation, the activity decreased. Methylene tetrahydrofolate production was measurable as early as 15 min after the beginning of the incubation period and its absolute increase paralleled the production of serine or glycine. Because all measurements were most easily duplicated at 3 h r of incubation, this time point was chosen for further studies.
Serine production from glycine and glycine production from serine were linear with respect t o protein from protein concentrations of 0.6-1.3 mg/ml. At protein concentrations less than 0.6 mg/ml there was a relative decrease in interconversion.
The rate of serine production from glycine was fairly constant from culture bottle t o culture bottle. However, glycine production from serine was more variable. Therefore, all experiments were performed using cells from a single roller bottle culture.
As shown in Table 1 , production of serine from both (1-' ~)~l~ cine and (2-' ~) g l y cine and production of glycine from serine were inhibited by preincubation of the cells with 1 0 mM isoleucine. No inhibition was noted when isoleucine was added simultaneously with glycine or serine after the cells were broken. Inhibition occurred in both normal cell lines and in the patient's cells. However, the degree of inhibition was much greater for the patient's cells for all three substrates, about 60% as compared with about 30% for the control cell lines. Glycine conversion to serine was significantly less in the patient's cells than the control cells even in the absence of isoleucine. When 1 mM isoleucine was added t o the preincubation mixture, 25% inhibition occurred in the patient's cells but n o inhibition occurred in the control cell lines.
When the cell lysates were dialyzed before incubation studies, glycine conversion t o serine in the patient's cells increased t o near normal levels ( Table 2 ). The conversion of serine t o glycine increased in both the normal and the patient's cells.
Tiglic acid was measured in control and patient cells after 1-hr incubations with and without 10 mM isoleucine ( Table 3) . The other two products of isoleucine metabolism prior t o the proposed block in this patient, a-methyl-P-hydroxybutyric acid and a-methylacetoacetic acid, could not be measured by ' Cell lysates from normal subjects and a patient with p-ketothiolase deficiency were incubated for 3 hr with 1 mM solutions of glycine or serine. The reaction mixture contained pyridoxal phosphate, 12.35 mg/liter, and NADP+, 500 mg/liter. Tetrahydrofolate was added just before beginning the incubation. Radioactivity traveling with authentic glycine and serine was measured after high voltage electrophoresis. To study the effects of isoleucine, cells were preincubated for 1 hr with 10 mM isoleucine before freeze-thawing and the addition of substrate.
Results represent the mean and SE of [8] [9] [10] [11] [12] separate measurements, done in two separate experiments using cells grown for the same length of time in culture. Cells from the same culture bottle were used for incubation with and without isoleucine. ' Cell lysates were dialyzed 1000/1 using an Amicon cell with a PM30 filter against the same buffer used in the reaction mixture prior to the addition of substrate and tetrahydrofolate. Studies then proceeded as in Table 1 . 'Cells were incubated for 1 hr with or without 10 mM isoleucine. After lysing the cells, tiglic acid was measured using computer-controlled, multiple ion detection mass spectrometry. See text for details. this technique. The tiglic acid concentration in the cells increased 15-fold in the patient's cells and 1.6-fold in one control cell line and 1.4-fold in the other. Using the published data for the relation of cell water t o cell protein (9), the final concentration of tiglic acid in the patient's cells was 0.09 mM.
The effect of tiglic acid on control cell lysates was studied (Table 4 ). Tiglic acid (1 mM) added at the same time as glycine or serine inhibited both glycine conversion t o serine and serine conversion to glycine. The inhibition was similar t o that seen when control cells were incubated with isoleucine (10 mM). These data and the measured concentrations of tiglic acid suggest that tiglic acid must be converted t o tiglyl-CoA t o act as an inhibitor of these reactions.
T o further define the inhibitory action of isoleucine and tiglic acid on serine-glycine interconversion, the production of methylene tetrahydrofolate was measured (Table 5) . Methylene tetrahydrofolate production paralleled the production of serine or glycine. Production was less in the patient's cells than in the control cells. Production was inhibited by preincubation with isoleucine or incubation with tiglic acid and could be increased toward normal in the patient's cells by dialysis. However, production of methylene tetrahydrofolate was about the same in cells incubated without added amino acids as in cells incubated in the presence of glycine or serine. Therefore, it was concluded that the measured production of methylene tetrahydrofolate was not produced primarily by glycine-serine interconversion and that the inhibitory action affected more than just that reaction. The production of methylene tetrahydrofolate was somewhat greater during serine conversion t o glycine than in the n o amino acid control and somewhat less during glycine conversion to serine, which suggested that some methylene tetrahydrofolate is produced in the first reaction and some-used in the second.
To further investigate this process, the effects of increasing the concentration of tetrahydrofolate in the reaction mixture and substituting methylene tetrahydrofolate for tetrahydrofolate were investigated in the patient's cells (Table 6) . Increasing the concentration of tetrahydrofolate from 0.7 t o 1.75 mM altered both glycine-serine interconversion and inhibition of this interconversion by isoleucine. The absolute amount of glycine produced from serine was increased by the increased concentration of tetrahydrofolate, which suggested that saturating concentrations of this compound for this reaction had not been reached or that the compound was unstable during the incubation period. Thus, although isoleucine still inhibited glycine production by 49% in the presence of 1.75 mM tetrahydrofolate, the amount of glycine produced under these conditions was about the same as that produced in lysates not preincubated with isoleucine in the presence of 0.7 mM tetrahydrofolate. Increasing the concentration of tetrahydrofolate did not stimulate serine production from (l-14c)glycine. However, inhibition by isoleucine was reduced from 55% t o 39%.
When 0.7 mM methylene tetrahydrofolate was substituted for 0.7 mM tetrahydrofolate, (1 -' C)glycine conversion t o serine was increased more than twofold whether or not isoleucine was present in the incubation mixture, and preincubat+on with isoleucine inhibited this reaction by only 15%. As expected, serine conversion to glycine was decreased by this substitution because less free tetrahydrofolate was available as a methyl receptor. Under these conditions, this conversion was inhibited only 26% by isoleucine. The absolute amount of glycine produced from serine after preincubation with isoleucine was the same with either cofactor.
DISCUSSION
Glycine oxidation t o C 0 2 was shown previously t o be reduced when fibroblasts grown from a patient with P-ketothiolase deficiency were preincubated with isoleucine (4). Most glycine oxidation probably occurs during or after conversion t o serine. The data presented in this paper suggest that preincubation of fibroblasts with isoleucine or incubation of fibroblasts with tiglic acid inhibits glycine oxidation by inhibiting the conversion of glycine t o serine.
Although both serine conversion t o glycine and glycine conversion t o serine were inhibited, quantitative differences could be seen in the data. Without preincubation with isoleucine, about 19 X rnol gly cine were produced from serine and 2.5 X rnol serine were produced from glycine.
After preincubation with isoleucine, 9 X lo-' rnol glycine were still produced but only 1 X lo-' rnol serine. Thus, although it is difficult t o interpret the clinical hyperglycinemia seen in this patient directly on the basis of these experimental data, the data d o suggest that quantitative conversion of serine t o glycine may be sufficiently active in the face of limited conversion of glycine to serine t o produce elevated glycine levels. 'The reaction conditions were listed in Table 1 . Tiglic acid was added at the same time as the substrate. ' Cell lysates were incubated for 3 hr as in Table 1 . After incubation 0.5 ml lysate was mixed with 0.05 ml 2 N HCI. The mixtures were spun at 12,000 X g for 10 min and then absorbance at 355 nm was measured. Results represent the different between absorption at zero time and at 3 hr. Numbers represent the mean and SE of [8] [9] [10] [11] [12] measurements. Substrate only values differed somewhat from experiment to experiment. To simplify data presentation, values from experiments using dialyzed cells and experiments where tiglic acid was used as an inhibitor were normalized to the same substrate only value as the isoleucine inhibition experiment. 'Fibroblasts grown from patient's cells were incubated as in Table 1 with the exception that either 1.75 mM THF or 0.7 mM THF which had been preincubated with formaldehyde to form MeTHF was substituted for 0.7 mM THF.
The activity of the enzyme serine transhydroxymethylase is SUMMARY several fold greater with serine rather than glycine as substrate. The studies in the patient's cells further suggest that the conversion of glycine t o serine is more sensitive t o the inhibition or inhibitors present in cells grown from a patient with 0-ketothiolase deficiency than in the reverse reaction. Glycine conversion was reduced in the patient's cells but returned toward normal when the cell lysates were dialyzed. Serine conversion t o glycine in the absence of added inhibitors was quite similar t o the control cell lines.
The role of tetrahydrofolate in this inhibition is not clear from the studies presented. Although production of methylene tetrahydrofolate is inhibited, this decrease in production cannot be specifically demonstrated to be caused by inhibition of serine transhydroxymethylase. The data suggest that the production of methylene tetrahydrofolate by other reactions may also be inhibited.
However, if tetrahydrofolate is related to the inhibition, then these findings could be interpreted in light of the studies of serine transhydroxymethylase (1) by Chen and Schirch. These workers concluded that formaldehyde is transferred from serine t o 5,lO-methylene tetrahydrofolate through an intermediate enzyme-formaldehyde complex. They propose that serine first forms a Schiff base complex with the enzyme which is cleaved to an enzyme-formaldehyde-glycine complex. Formaldehyde then dissociates either directly or much more rapidly by its interaction with tetrahydrofolate. Our data could thus be interpreted as demonstrating that enzymeformaldehyde-glycine complex is formed normally, but the rate-limiting interaction with tetrahydrofolate is inhibited.
The interconversion of glycine and serine was studied in fibroblasts cultured from normal individuals and from a patient with ketotic hyperglycinemia syndrome. Interconversion was reduced by preincubating the cells with isoleucine or incubating the broken cell extracts with tiglic acid. Inhibition was much greater in the patient's cells. Tiglic acid was shown t o accumulate in the cells during the preincubation with isoleucine. Methylene tetrahydrofolate production was also reduced by preincubation with isoleucine or incubation with tiglic acid. Serine production from glycine was reduced in the patient's cells even in the absence of added isoleucine and was shown t o return toward normal when the cell extracts were dialyzed before the interconversion studies. 
Extract
Cytosine arabinoside (which is used to treat congenital viral infections) produced neurologic and retinal damage in infant mice. Station and gait abnormalities could be related to hypoplasia and marked microscopic changes in the cerebellum of treated animals. These, as well as microscopic changes in the retina, appeared to be irreversible. The damage produced appeared to result from destruction of primordial cells during a critical period of differentiation.
Speculation
The potential for producing neurologic and other damage by treatment with DNA inhibitors during this period of rapid growth must be considered when contemplating the use of these DNA inhibitors for treatment of congenital virus infections.
The treatment of newborn infants suffering from congenital virus infections with inhibitors of DNA synthesis has been reported (2, 4, 7, 8, 10) . Therapy has been based on the observations that such compounds as iododexoxyuridine, adenosine arabinoside (Ara-A), or cytosine arabinoside (AraC) inhibit these DNA viruses in vitro (1 2). In vivo, however, these compounds may restrict host DNA synthesis in uninfected as well as in virus-infected cells. This is of particular concern in newborn infants whose cells are undergoing active division and differentiation.
The potential effect of DNA inhibitors on the developing central nervous system (CNS) of the neonate is of particular concern because of the devastating consequences that might ensue if functions were permanently impaired. It has been shown, moreover, that cellular growth and differentiation continues after birth in the human ( 5 , 13). Ara-C, which has been used to treat infants with congenital viral infections, was found to have a deleterious effect on both function and structure of the mouse nervous system. The implication of these observations for treatment of newborn infants with congenital viral infections with DNA inhibitors is considered in this light.
METHODS
Experiments were carried out using 57 litters each consisting of 8 newborn CFW (14) mice. Members of a single mouse litter were injected subcutaneously with 0.03 cc of either normal saline or Ara-C (15). The drug was administered in single doses of 50 mg/kg which were given on 3 alternate days beginning on the 2nd day of life. Mice were observed for neurologic or
